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Abstract 

We have constructed two SU(3)l x U(1)n gauge models with the L' = L e — L M — L T symmetry, 
. which accommodate tiny neutrino masses generated by one-loop and two-loop radiative effects. The 

C*") ' heavy neutral leptons and heavy charged leptons are employed to specify the lepton triplets in SU(3) l , 

respectively, accompanied by (0°, <f>~ , h + ) and (4> + , <j>° , h + ), where (f> stands for the standard Higgs 
scalar and h + is a key ingredient for radiative mechanisms. From our numerical calculations, we find 
that both our models are relevant to yield the VO solution to the solar neutrino problem. 

i^.,; 1 Introduction 

The Supcr-Kamiokande experiments on atmospheric neutrino oscillations provide evidence for tiny 
neutrino masses and their mixings [|. Solar neutrinos are observed to be also oscillating ||. To 
generate such tiny neutrino masses, two main theoretical mechanisms have been proposed: one is the 
seesaw mechanism 0] and the other is the radiative mechanism ^|, |?], gj. In the radiative mechanism 
proposed by Zee a new singly charged S , C/(2)-singlet Higgs scalar, h + , was introduced into the 
SU(2)l x U(l)y standard model and neutrino masses were generated as one-loop radiative corrections 
via the h + coupling to Il,vl- After this work, Zee and Babu studied two-loop radiative mechanism ||. In 
two-loop mechanism, one more doubly charged 5i7(2)-singlet Higgs scalar k ++ was added to the standard 
model and tiny neutrino masses arose from two-loop radiative effects generated by £u£fik ++ . 

In this talk, I report my recent works J^, [w| about generation of tiny neutrino masses and oscillations 
in SU(3)l x U(1)n models The observed structure in atmospheric and solar neutrino oscillations is 
considered to be based on the presence of the L e — — L T conservation ||l2| , [l3[ , which ensures maximal 
solar neutrino mixing and the hierarchy of Am^ tm 3> Atoq although Anig=0 and on the generic smallness 
of one-loop effects over two-loop effects to yield tiny amount of Am^ realizing Am^ tm 3> Arrtg 0) 
|l4| |. To induce maximal atmospheric neutrino mixing needs other physical origin, which is ascribed to 
approximate degeneracy between masses of newly introduced heavy leptons. Altogether, we finally obtain 
(approximate) bimaximal neutrino mixing scheme for neutrino oscillations |15L |iq]. 



2 Models 

The radiative neutrino mechanism has been discussed to consistently yield one-loop radiative neutrino 
masses in various SU(3)l x U(1)n models JTT| . To further discuss two-loop effects in these models, we 
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have constructed two SU(3)l x U(1)m models: the heavy neutral leptons model |J and the heavy charged 
lepton model p0| . 

2.1 Heavy Neutral Lepton Model 

In this model, quantum numbers of the leptons and the Higgs scalars are summarized as follows: 



Leptons 
Higgs Scalars 



p = (p + ,p°,p+) T : (s,§), p' = (p' + ,p'°,p' + ) T :(3^ 



fc+:(l,l), (2) 

where w° ! stand for three heavy neutral leptons, k + is an extra scalar that plays a role of Babu's k ++ 
and values in the parentheses specify quantum numbers based on the (SU(3)l, Lf(l)jv)-symrnetry. The 
Zee's scalar, h + , corresponds to p' + . Three Higgs scalars have the following vacuum expectation values 
(VEV): < 0M0 >= (^,0,0) T ,< 0\p\0 >= (0,w p ,0) T ,< 0|y|0 >= (0,0,w x ) T , where this orthogonal 
choice of VEV's is to be guaranteed by the rjpx-term in Eq.([|), and the remainder, p', acquire no VEV 
for model to be consistently described |Q . We also impose the L' = L e — L M — L T conservation Jl2| on 
our interactions to reproduce the observed atmospheric neutrino oscillations. For the charge assignment, 
see Table Q. 

Table 1: L and L' quantum numbers in heavy neutral lepton model. 



Fields 


v,p,p',x 






k+ 


L 





1 


1 


2 


L' 





1 


-1 


2 



The Higgs interactions are given by self-Hermitian terms composed of at most four scalar fields and by 
two types of non self-Hermitian Higgs potentials, L'-conserving potential (Vb) and L'-violating potential 

V = X e a ^ Va p pX7 + X 1 (p^)(^p') + X 2 (p^p')(x^) + (h.c.), 

v b = inA^ + N. ( 3 ) 

where Ao,i,2 ar e the coupling constants and pb denotes the L'-breaking mass scale. If there is only the 
Vb, the eigenvalues of the neutrino mass matrix are given by and ±.m v (m„: neutrino mass). From 
these eigenvalues, we can describe only atmospheric neutrino oscillations. However, if the Vb also exists, 
we can realize a two-loop radiative mechanism and we successfully obtain both atmospheric pi ^| and 
solar H neutrino oscillations. This is why we have introduced the Vb- 

The Yukawa interactions relevant for the neutrino mass generation are given by the following la- 
grangian: 

-c Y = l^^f m Mtf^U+ E ^(/^4 + to4) 

i=2,3 i = l,2,3 

+ E fl j W)~ c u j R k + + (h.c.), (4) 

i,i=2,3 
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where /'s are Yukawa couplings with the relation /pyi = — /u,-i demanded by the Fermi statistics. 

2.2 Heavy Charged Lepton Model 

In this model, the leptons and the Higgs scalars are summarized as follows: 

Leptons 

^r 1 ' a,3 = (^^« < )I:(3,0), #' 3 :(1,-1), 4 2 ' 3 :(1,1), (5) 

Higgs scalars 

rj = (r/\ V -, V +) T : (3, 0) , p = p°, p++f : (3, 1) , 

X=(x-,X—,X°) T --(3 ) -l) > k++:(l,2), (6) 

where k +i stand for three heavy charged leptons and k ++ is an extra scalar that plays a role of Babu's 
k ++ . The Zee's scalar, h + , corresponds to ?y + . The Higgs scalars have the following vacuum expectation 
values (VEV): < 0|r?|0 >= (^,0,0) T ,< 0\p\0 >= (0,w p ,0) T ,< 0jx|0 >= (0,0,w x ) T . In the same way as 
in the heavy neutral lepton model, we also impose the V conservation in this model. Listed in Table || 
are various L- and i'-quauntum numbers. 



Table 2: L and V quantum number in heavy charged lepton model. 



Fields 


V,P,X 


^Li k r 


<Pl > C R > K R 


k++ 


L 





1 


1 


2 


V 





1 


-1 


2 



The Higgs interactions are also given by sclf-Hcrmitian terms composed of at most four scalar fields 
and by two types of non self-Hcrmitian Higgs potentials, L'-conserving potential (Vb) and L'- violating 
potential (Vb): 



V = Xoe a ^t 1a p^+M(x^)(p i V) + (h.c.), 

V b = p bP ^xk ++ + (h.c), (7) 

where Ao,i are the coupling constants and /if, denotes the L'-breaking mass scale again. 

The Yukawa interactions relevant for the neutrino mass generation are given by the following la- 
grangian: 

i=2,3 i=l,2,3 



+n i ( KR nk ++ y KR + (h.c). (8) 



Note that the possible interactions of ^i,j=2,3fl 3 (^ R ) c k ++ £ J R are forbidden by the L-conservation. 



3 Neutrino masses and oscillations 

Now, we can discuss how radiative corrections induce neutrino masses in our models. 
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Figure 1: Loop diagrams in the heavy neutral lepton model, (a) an example of one-loop diagrams for 
v 1 — v % (i = 2, 3), (b) two-loop diagrams for v 1 — v l . 



3.1 Heavy neutral lepton model 

In this model, we obtain that one-loop and two-loop diagrams, as shown in Fig.[l], correspond to the 
following interactions 



From one-loop diagrams, we can calculate the following Majorana masses to be: 



m 



(i) 



F(x,y,z) 



f[ii] 

+A 2 
1 

16tt 2 



(■ 



mi-F ( to 2 .- , m|, Q , to 2 + 



) - rr&F (r 



p 

m li F (jnl^ml^rn^Q 



x log X 



ylogy 



zlogz 



(.T-y)(a:-z) (y - x) (y - z) (z - y)(z - x) 



,( 2 ) - 



I = 



-2 ^ ^2f[n]fk f[ij}miimujPbV p v x I, 

1=2,3 

' [J(to 2 ) - J(m^,)] , 



J(m 2 ) 
G(x,y,z) 



9 2 

— m 

1 



* 2 2 1\f~tt 2 2 2\ 



1 aclog(x/£) - y\og(y/z) 
167T 2 x — y 



(9) 



(10) 



In addition, from two-loop diagrams, the outline of its derivation is shown in the Appendix of H, we find 



(11) 
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where mu(= fu v p) an d m wi(= fui) v x are t Qe mass of the i-th charged lepton and the mass of the i-th 
heavy neutral lepton respectively, and masses of Higgs scalars are denoted by the subscripts in terms of 
their fields. 

Now, we obtain the following neutrino mass matrix: 



(2) (1) (1) 

m\i m i2 m i3 



M v = m W , (12) 



'12 

m$ 



from which we find 



A 2 (1)2 . (1)2 2 \ _! .i .-,■>, 

&m atm = m\ 2 ' + m\ 3 ' = m u , Am' = 2m v \m\{\. (13) 

where we have used the relation of |m^| <€; |^i2 |> l TO i3 I- 

In order to see whether our model gives the compatible description of neutrino oscillations with the 
observed data, we make the following assumptions on relevant free parameters: 



1. Since v VtP is related to masses of weak bosons proportional to y f 2 + v 2 , we require y v 2 + v 2 = 
from which (v v , v p ) ~ (v wea k/lO, v wea k) are taken, where v wea k = (2\/2G_f)~ 1/2 = 174 GeV, 

2. Since v x is a source of masses for heavy charged leptons and also of masses for exotic quarks and 
exotic gauge bosons, we use v x ^ v wea k, from which v x ~ I0v wea k is taken, 

3. The masses of the Higgs bosons, i] and p' , are set to be m n ~ m p , ~ v wea k, 

4. The masses of the Higgs bosons, fc + and Xi an d °f t ne heavy charged leptons, uj' 1 (i = 1,2,3), are 
assigned to be larger values as ~ m x ~ v x and m W 2,w3 ~ ev x supplemented by 10% mass 
difference between to 1 and cj 2,3 , i.e. m u i ~ 0.9m W 2.w3, where e stands for the electromagnetic 
coupling, 

5. The i-violating couplings of /mi (i = 2,3) are determined by Am 2 tm , where /m^ ~ 10~ 7 is to be 
taken, 

6. The L'-violating scale of Mb is suppressed as ev x , 

7. The L- and L'-conserving couplings accompany no suppression factor and are set to be of order 1 
as f% ~ Ai ~ A 2 ~ 1. 

These values are tabulated in Table ||. 

Table 3: Model parameters in heavy neutral lepton model, where masses are given in the unit of v wea k — 
(2y/2G F y 1/2 = 174 GeV and e stands for the elect romagnetic coupling. 



V n V p 


v x mk,x 




m w2 ,3 


Mb Al,2 


fk 


fa 


1/10 1 


10 10 


1 9e 


10e 


lOe 1 


1 


io- v 



From numerical analysis, we obtain that Am 2 tm = 3 x 10 3 eV 2 , Atoq = 2 x 10 10 eV 2 and sin 2d = 
0.97. We can see, these values lie in the allowed region of the observed solar neutrino oscillations relevant 
to the VO solution Q. 

3.2 Heavy charged lepton model 

From similar discussions in the previous subsection, we obtain one-loop and two-loop diagrams, as 
shown in Fig.H, which correspond to 
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Figure 2: Loop diagrams in the heavy charged lepton model, (a) an example of one-loop diagrams for 
v 1 — v % (i — 2,3), (b) two-loop diagrams for v % — yi = 2,3). 



From one-loop diagrams, we obtain the following Majorana masses, 



m 2 u ,m 2 + ,m 2 p+ ) 



l li F ( 



m 2 a ,m 2 + ,m 2 p+ ) 



/[h]^i 



™li F { m li> m 2 v _,m 2 x _) - m 2 Kl F (m^m^,™^) 



v v v p v x . 



And, from two-loop diagrams, we find 



-2Al/ [lj ; ] ^ 11 /[l 3 ]M&mL«p / . 

' [J(m 2 x ) - J(m 2 )] 



9 1 

m x — 



J(m 2 



1 r<2( 2 2 2\ 

—G (m K ,m m ) 



(14) 



(15) 



(16) 



I show the outline of its derivation in the Appendix of |L0| 
Now, we obtain the following neutrino mass matrix: 



/ 



from which wc find 



Am 2 



M„ 



,(1)2 



(1) (1) 



(!) ™( 2 ) 



(2) 

'12 '"'22 TO 23 
™(!) ( 2 ) (2) 

m 13 TO 23 m 33 



i (i) 2 / 2N 
12 + m 13 (= m Ji 

Anig = 2 cos 2 + 2™^ cos $ sin $ + sin 2 ^ m^, 



(17) 



(18) 



G 



where cosz? = m^/m^ and sin$ = /m v . 

In the same way as in the heavy neutral lepton model, we specify various parameters in this model 
with the following assumptions on relevant free parameters: 

1. (v v , v p ) ~ (v weak /10, v weak ) with Jvjj + vj=v weak , 

2. v x — 10v weak , 

3. The masses of the Higgs bosons, rj and p, are set to be m v ~ m p ~ v weak , 

4. The masses of the Higgs bosons, fc ++ and and of the heavy charged leptons, k 1 (i = 1,2,3), are 
assigned to be larger values, we take m k ~ m x ~ u x with m re x ~ 0.9to K 2,k3 where m K 2 jK 3 ~ eu x , 

5. The i-violating couplings of /r^i are also determined by Am 2 tm , where /[^ ~ 10~ 7 is taken, 

6. The L'-violating scale of /Zj, is suppressed as et> x , 

7. /* ~ Ai ~ 1. 

These values are tabulated in Table [|. 

Table 4: Model parameters in heavy charged lepton model, where masses are given in the unit of v weak — 
(2v / 2Gf)~ 1/ ' 2 = 174 GeV and e stands for the electromagnetic coupling. 



Vr, v p 


v x m k , x m, hp m K i 


m K 2,3 


Mb ^1) 


fk 


fij 


1/10 1 


10 10 1 9e 


lOe 


lOe 1 


1 


io- ; 



From numerical analysis, we obtain that Am 2 tm = 3 x 10~ 3 eV 2 , Anig = 2.8 x 10~ 10 eV 2 and 
sin 2d = 0.97. These values lie in the allowed region of the observed solar neutrino oscillations relevant 
to the VO solution again p9|. 

4 Summary 

We have constructed two SU(3)t x U(1)n gauge models, which provide the radiatively generated 
neutrino masses and the observed neutrino oscillations. In the first model, Zee's scalar, h + , is placed 
in (</>+ , 4>°, h + ), which requires the heavy neutral leptons ui 01 to specify the lepton triplets in SU(3)l- 
On the other hand, in the second model, h + is accompanied by (0°, <p~) to form (<fi°, <fi~ , h + ), which 
requires the heavy charged leptons n +t . To account for the observed hierarchy between Am 2 tm 3> Amg, 
we have used the V = L e — — L T symmetry and the generic smallness of one-loop radiative effects 
over two-loop radiative effects. 

From numerical estimates, we obtain that Am 2 tm = 3 x 10~ 3 eV 2 with sin 2$ = 0.97 and Am| = 
2 x 10 -10 eV 2 in the heavy neutral lepton model, also Am 2 tm = 3 x 10~ 3 eV 2 with sin 2$ = 0.97 and 
Arag = 2.8 x 10~ 10 eV 2 in the heavy charged lepton model. Thus, both our models are relevant to yield 
the VO solution to the solar neutrino problem. 

To find other possibilities of yielding tiny neutrino masses and oscillations in the SU(3)l x U(1)n 
models, especially the (v, e, E~) model Q that seems to yield the LOW solution, is our future study. 
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